Availability of abundant solar energy and acute power shortage in Bijapur district draws attention to assess the economic viability of the stand-alone solar PV system. This paper presents a case study on economic viability assessment of solar PV system for an Agri-farmhouse located at Bijapur, North Karnataka, India. The economic viability of a solar PV system is carried out using life cycle cost computation based on solar radiation at seasonal tilt angle, the days of autonomy, battery replacements. The main objective of this study is to estimate the unit electric cost of solar PV system to electrify an Agri-farmhouse. It is found that estimated unit electric cost and payback period for 2-days of autonomy are highly reasonable economically viable for remote rural electrification in global perspective.
Introduction
Bijapur district is one of the foremost agricultural regions of the North Karnataka, India. It is situated in Northern dry zone-III. It is also considered as economically backward region of North Karnataka, which requires alternative activities to be taken up to improve living standards of people [1] . The district experiences semi-arid climate with extreme summers and chilly winters. Incidence of drought occurs due to inadequate and erratic distribution of rainfall in space and time. Further, due to power crisis in the state, the rural areas have plunged into virtual darkness, poor voltage regulation and unscheduled load shedding scenario. Thus there is a need to develop reliable electrical energy sources in the district for productive uses and to raise the quality of life of people. This necessitates the promotion of solar PV energy based electricity generation.
Bijapur district is the best recipient of solar energy due to its favourable location in the solar belt (11 0 31' N to 18 0 45' and 74 0 12' E to 78 0 40'E). The climatic conditions in the region are highly suited for solar PV generation [2] .
Thus, the stand-alone solar PV (SPV) system is considered as promising alternative energy source to justify the load profile of an Agri-farmhouse at a location near Bijapur.
The SPV system is renewable energy based electricity generator. This system converts the sunlight directly into electricity by photovoltaic effect. The advantages of the electricity which is produced from sunlight are: silent with no pollution, no maintenance and no depletion of natural resources [3] . The PV array is the most expensive solar part of the SPV system [4] . The amount of generated electricity is site dependent. It depends mainly upon the module efficiency, solar radiation and ambient temperature [5] . An analytical method for optimum sizing of solar PV system has been discussed in [6] , which is based on load fraction and all energy produced by the PV array passes into the battery capacity. In this discussion the system designing is done without considering the effect of battery replacements. In [7] , a method for sizing of PV array and battery capacity is discussed. It is based on horizontal solar radiation and long term loss of load probability. However the performance of SPV system depends upon the optimum tilt angle. The proper selection of tilt angle for the PV array maximizes its output. Further, this selection minimizes the size of PV array and battery capacity [8] . A simple approach of optimising size of SPV system, based on life cycle cost, surplus and deficit of energy flow have been presented in [9] . However in most of the published methods, sizing of PV array and battery capacity are done without considering site specific data. The performance of SPV system is largely depends upon a number of factors; they are site related [10] . Hence there is a need for investigation to design a SPV system that can be viable from the viewpoint of both performance and cost. Considering these points, a SPV system design and economic analysis is done using site specific solar data and local economic parameters. The simple analytical method is used in sizing of the PV array and battery capacity for fixed load demand and days of autonomy. Here it is assumed that all energy produced by the PV array passes through the battery capacity.
The objective of this paper is to design a stand-alone SPV system to justify the load demand at test location, Bijapur. The assessment of economic viability of the SPV system is carried out by evaluating life cycle cost (LCC) and unit electric cost (UEC) at different days of autonomy. The economic viability of the SPV system is compared with utility grid connected system by estimating the payback period.
System Design
The block diagram of typical stand-alone SPV system is shown in Figure 1 . The PV array and battery capacity sizing is based on solar radiation, load demand and days of autonomy (continuous cloudy days). One of the main concerns in designing a stand-alone SPV system is reliability. The reliability is taken into consideration by fixing the days of autonomy. Thus the SPV system has to work without solar input, and load demand must be justified at the expense of stored energy from the battery capacity. The charge controller is a link between the PV array and battery capacity. An inverter maintains flow of power between DC and AC components of the SPV system. The SPV system configuration is site specific, since it largely depends on a number of parameters that are site related. Thus the site meteorological solar data, load profile, PV array, battery capacity and power conditioning units are the stand-alone SPV system's stimuli that influence the performance of the SPV system. The modeling of subsystems is described in the following sections.
Figure1. Block diagram of a SPV system.
Site Meteorological Data
Solar radiation is a primary driver for a SPV system to generate electricity. The necessary data required to design the SPV system is collected from Regional Agricultural Research Station (RARS) Bijapur, Karnataka, India. According to RARS, Bijapur is located in the Northern median region (16 0 49' N, 75 0 43' E). An ambient temperature stays high during the year between 31.2°C to 41.3°C with sunshine duration of about 9 hours. The solar data collected from RARS is the solar irradiance (Watt/m 2 ) on horizontal surface at an interval of 15 min. In order to thoroughly investigate the performance of the SPV system, the data is statistically processed. The processed monthly average daily solar radiations incident on horizontal surface (G t ) and temperature at the region are presented in Table- 
Solar Radiation at Optimum Tilt Angle
The optimum tilt angle is the inclination of PV array with horizontal plane, which collects most solar radiation. Thus PV array need to be tilted at the optimum angle to maximize the performance of the SPV system. In order to maximize the PV array output at test location, it is necessary to tilt South facing PV array in a position to capture more solar radiation. Thus this paper examines the theoretical aspects for selection of optimum tilt angle. Optimum tilt angle is site specific; it depends upon latitude ∅ of the location, the declination angle δ of the earth axis, the length of the day at sunset hour angle ω S, and the Julian day n of the year. The optimum tilt angle (β opt ) is estimated from a relation given by [11] ;
where Season factor (S F ) is given by an equation (2), the δ and ω s are obtained by the relations (3) and (4) respectively.
The positive and negative values of S F in equation (1) indicate correction of latitude during the winter and summer months respectively. The optimum tilt angles are evaluated at the average day of the months of year 2011. The month-wise average optimum tilt angles, seasonwise (winter, summer and rainy) and annual fixed average optimum tilt angles are shown in Figure 2 .
The amount of solar radiation incident on the inclined surface is different from that on a horizontal surface. The polynomial approximation of the solar radiation (G β ) at optimum tilt angle ( ) is given by an equation [12] ; Figure 2 . Month-wise, season-wise, annual fixed average tilt angle for each month of a year.
The monthly average daily solar radiation (G m ) , seasonal average daily solar radiation (G s ) and annual average daily solar radiation (G a) at month-wise, season-wise and annually-fixed average optimum tilt angles respectively are shown in Figure 3 . /d respectively. The percentage increase in monthly average daily radiation from horizontal surface to month-wise, season-wise and annual-fixed average tilted surface are 11.58%, 10.63% and 7.07% respectively. Hence it is observed that, radiation is high at month-wise tilted PV array as compared to seasonal and annual optimum tilt angles. But, the adjustment of array position on month-wise is not feasible for cost reasons. Hence it is reasonable to adjust the array position seasonally to optimize the PV array output. Thus the optimum tilt angle of South facing array has to be changed three times in a year: i.e.
• For summer season ( March-June) it should be 7 o ,
• For rainy season (July-October) it should be 17 o .
• For winter season (rest of the months) it should be 43 o .
In order to estimate the performance of tilted PV array, the solar radiation at season-wise optimum tilt angle is considered in SPV system design methodology.
Load Profile
The details of load data at Agri-farmhouse are listed in Table- 2. There are three types of loads: random, predictable and constant loads. The load profile depends upon the application. The actual load profile for typical day at 30 min time resolution over 24 hours is shown in Figure 4 . The monthly utility energy consumption at Agri-farmhouse, in the year 2011 is shown in Figure  5 .The total energy consumption (kWh) in a day is given by the equation;
where P L is the power rating, T is number of operating hours per day of electric equipment listed in Table- 2. 
Subsystems Sizing
Component selection and system design plays an important role in the SPV generation. The mathematical models of subsystems such as PV array, battery capacity, charge controller and inverter to present the performance of SPV system, are described below: 
PV Array Sizing
The amount of electricity generated from the PV module is mainly dependent on solar radiation and ambient temperature at test location. PV module electric characteristics quoted by manufactures are at standard test conditions (STC): an irradiance of 1000 W/m 2 , gathering of air mass is 1.5 AM at ambient temperature of 25 0 C. STC rarely prevail on location. When the PV modules are installed in the field, the output must be de-rated accordingly [12] . The method of estimation of the amount of electricity generated from PV module is discussed in this section.
The daily average energy (P m ) generated from a tilted PV module, is given by; (7) where, η g is the PV generator efficiency, A m is the PV module surface area (m 2 ).The PV generator efficiency is represented by [13] ;
where, is the PV module reference efficiency, η pt maximum power point tracking efficiency, is derating factor for dirt/soiling, T c is the PV cell temperature ( o C), T r is the PV cell reference temperature ( o C) and β t is the temperature coefficient of efficiency. The PV module reference efficiency is given by;
where I p and V p are the current and voltage of module at peak power, 1000 W/m 2 is the solar irradiance at reference conditions. The PV cell temperature is given by; (10) where, T a is the ambient temperature (°C), U L is the overall heat loss coefficient (W/m 2 /°C), τ is the transmittance and α is the absorption coefficient of PV cell. The overall heat loss coefficient (τα/U L ) is estimated from the nominal operating cell temperature (NOCT) is given by; (11) Substituting equations (10) and (11) in equation (8) will yield PV generator efficiency as given below:
The energy output from the PV array must be capable of sustaining the load demand and power conditioning unit losses on daily basis. The daily average output energy from the PV array, for a given load profile is given by [14] ; (13) where P A is PV array output in kWh/d, η w is the PV array wiring efficiency, η b is the efficiency of the battery, η cc is the charge controller efficiency, η c is the cabling efficiency. The number of modules of PV array is estimated by an equation;
The PV modules are most expensive solar components of SPV system. The various PV modules with different make and model are locally available in India. Based on the local climatic conditions, Jain Photovoltaic Multi Crystalline Silicon Modules (JJ-M series), are considered for the performance and economic analysis of the SPV system. Characteristics and unit price of modules obtained from manufacturer are listed in Table- 3, (Rs. is Indian Currency). In the SPV system design, it is assumed that, there is no deterioration and defect in PV modules, they can work 20 years without break.
The summary of PV array configurations for load demand of 7.5 kWh/d at estimated radiations G t , G m , G s , and G a are listed in Table-4 . It is clearly observed that output energy of each module, number of modules, cost and surface area (m 2 ) of PV array vary proportionately with different solar radiations. The PV array cost and surface area are different for each module type at same radiation. It is also observed that, JJ-M660-285Wp module has better output, less cost, and less surface area as compared with M660-240Wp. Apart from the above parameters the number of modules in an array remains same at all four solar radiations. Thus the array configuration with 285 Wp module is viable for all the months of a year. Since the stand-alone SPV system is required to be mounted on roof top, the surface area of the PV array is another important parameter also to be considered. Thus the module JJ-M660 285Wp is most suitable economically viable for the test location. It is considered in the system design and economic analysis. 
Battery Capacity Sizing
Battery capacity is energy storing part of the stand-alone SPV system. The reliability of the SPV system depends upon the battery capacity. It is estimated based on days of autonomy at the location. In this paper, it is assumed that the whole electricity generated from PV array passes through the battery capacity. Accordingly the approximation of battery capacity is given by; (15) where B wh is the battery storage capacity in kWh, N c is the days of autonomy, DoD is maximum permissible depth of discharge of the battery. The number of batteries (N B ) of SPV system configuration is estimated by a relation; (16) where Ah is Ampere-hour, V r is voltage rating of battery. Battery lifetime is mainly governed by the DoD and ambient temperature at a test location. Thus in this paper, Power build lead acid tubular battery is considered in the SPV system design and economic analysis, as it is suitable to the local climatic conditions.
Power Conditioning Units Sizing
Charge controller is required to safely charge the batteries and to maintain longer lifetime for them. It must be capable of carrying a short circuit current from the PV array. The size of a controller is given by [15] ; (17) where CC is the controller size in Amperes, N s is the number of modules in series in an array, I sc is the short circuit current of PV module, and 1.2 is the safety factor of probable enhanced current. Inverter is a power converter; it maintains the power flow between AC and DC components of the PV system. It must be capable of handling the total power of the AC Loads. The size of the inverter is selected at 20% more than the total power of the AC loads listed in Table-2 . The charge controller and inverter sizing is based on array configuration, battery capacity and total AC load power demand. The specifications of batteries, charge controller and inverter used in the system design, are listed in Table- 5. The battery capacities for different days of autonomy are estimated and are listed in Table-6 . For a test location, the selection of system components and subsystem sizing such as PV array, battery capacity, charge controller and inverters based on the result obtained from the computation method are listed in Table-6 . 
Economic Analysis
Economic analysis is an indispensable step in stand-alone SPV system design [13] . Several methods are used to evaluate different economic options for SPV system. The UEC of energy generated is often preferred as an economic viability indicator for SPV system. An UEC analysis is needed to compare the ultimate delivered cost of technologies with different cost structures. The method of estimation of UEC is discussed below;
The UEC is the ratio of the product of life cycle cost (LCC) with capital recovery factor (CRF) to the energy generated per year. It is the unit cost of electricity (kWh) generated from the stand-alone SPV system. It is given by [16] ; (18) where CRF is given by an equation;
where e o is the escalation/inflation rate, d is the discount rate, N is the lifetime of the SPV system in years. The method of estimation of LCC is described in the following subsections.
Life Cycle Cost Analysis
The LCC analysis takes into account the combined costs of initial capital investment (ICI) C o , present value of operation & maintenance (O&M) cost C om , the battery replacement cost (BRC) R b , fuel cost (C f ) over the SPV system lifetime. The stand-alone SPV system life time is the lifetime of the PV module used in SPV system design. It is 20-years for JJ-PV modules. The lifetime of the battery is considered as 5-years for economic analysis. Whereas, rest of the components of SPV system are assumed to last for entire system life time with no depression in their performance. LCC of stand-alone SPV system is given by;
All these costs have the following specifications as ;
• The initial investment cost is high.
• Replacement cost is considerably high (Battery).
• Maintenance costs are low (1.5% of C pv + 1.5% of C b ).
• There are no fuel costs.
Initial Capital Investment
ICI of SPV system, includes the cost of PV modules, batteries, charge controller, inverter, necessary accessories and the cost for installation is given by;
where C pv =Number of modules multiple unit price of module, C b = Number of batteries multiple unit price of battery, C c =Unit price of charger controller, C in =Unit price of inverter, C ist =10% of C pv
Battery Replacement Cost
The life of battery is considered as 5-years. Thus the battery capacity has to be replaced 3-times along the system life time. The BRC for first group of batteries replaced after 5-years is R b1 at n=5 is given by [16] ;
. /
Similarly BRC of other two groups of batteries R b2 and R b3 are evaluated at n=10 and 15 respectively. The total BRC over lifetime of SPV system is given by;
The additional installation cost for battery replacements is not considered in BRC analysis.
Operation and Maintenance Cost of the System
The net present value of all O&M costs in a dynamic economic environment is given by equations (24a and 24b) [17] ;
where C om is the O&M cost, and OM is the first-year O&M cost of SPV system. 
System components

Results and Discussion
The work presents a case study for an Agri-farmhouse located at Bijapur, North Karnataka, India. The reliable stand-alone SPV system is designed to satisfy the load demand at Agri-farmhouse. The monthly energy consumption of farmhouse in the year 2011 is shown in Figure 3 , (data collected from HESCOM Bijapur). Accordingly the annual electric energy consumption at farmhouse is 2452 kWh, and the daily average load demand is 6.71 kWh. Hence the stand-alone SPV system is designed to satisfy the daily average load demand of 7.5 kWh, to enjoy uninterrupted power supply in all circumstances. The various parameters that are used in SPV system design and economic analysis are, T r = 25 0 C, β t = 0. In this paper the SPV system is designed based on meteorological solar data collected from RARS Bijapur. The statistically processed solar potential is listed in Table- 1. Which designates, the solar potential is strongly acceptable for PV installation exploitation in the regions of Bijapur district. The performance of SPV system depended on climatological conditions and PV array tilt angle at test location. In this paper seasonal-wise optimum tilt angles are considered in the PV array design steps. Hence the optimum tilt angle of South facing array need to be changed three times in a year: β opt =7 0 (summer season), β opt =17 0 (rainy season), β opt =43 0 (winter season). It yields monthly average daily solar radiation of 5.429 kWh/m 2 .
The cost effective energy system design is always accepted by the rural community. The cost of PV system is big disadvantage since the solar PV module is the most expensive part of the PV generation. The proper sizing methodology and selection of suitable PV module in the system design reduce the overall cost of generation. In this paper the JJ-M660-285 W p PV module are considered for their high module efficiency. The reliability of the system is decided by the battery capacity. The battery capacity varies proportionally with the continuous cloudy days in the location. The life time of battery is assumed to be 5-years for economic analysis. Thus battery capacity has to be replaced by every 5-year during life time of SPV system. Hence battery replacements cost is also major contributor toward cost of generation
The economic analysis is carried out by estimating ICI, BRC, LCC and UEC for different days of autonomy is listed in Table-7 . It is evident from the analysis that, the major portion of LCC is covered by cost of PV array and battery capacity. The cost of PV array is fixed at specified load demand but the cost of battery capacity varies directly with days of autonomy. Since the designed SPV system is site specific, it is observed from the local climatic conditions that, the continuous cloudy days were found to be not more than 2-days in the region. Thus the stand-alone SPV system suitable to justify an Agrifarmhouse load demand for 2-days of autonomy is listed in Table-8 . The economic viability of the designed stand-alone SPV system is compared with the utility grid connected system located at a distance of 0.75 km from 11kV HT line; it is listed in Table-9 . It is evident from the analysis that, the LCC involved in extension of HT-transmission line is 9.32 Lakhs for load demand of 7.5 kWh/d. This LCC is fixed which does not vary even when the load demand is less than 7.5 kWh/d. In case of stand-alone SPV system, the LCC is Rs. 9.88 Lakhs for same load demand. The LCC of stand-alone SPV system for a load demand less than 7.5 kWh reduces proportionately. Similarly LCC for extension of 3 kms HT line is Rs. 13.43 Lakhs to satisfy the same load demand at new location. But LCC of standalone SPV system remains same for same load demand at new location. Thus the designed SPV system is economically viable for remote rural electrification. Besides the cost, the environmental benefits of renewable sources and power crisis in the region are likely to facilitate the widespread use and acceptance of this system. If the government provides subsidies for the installation of the SPV system, the designed SPV system would attract the people all over the district. Thus the enormous solar potential in the region can be utilized to mitigate the acute power shortage in Bijapur district. 
Conclusion
The case study shows, the location under investigation is having rich solar potential. Hence it is most suitable for PV installation exploitation. UEC analysis is the enhanced method for measuring the merit of economic viability of stand-alone SPV system. It also enlightens the rural community about the viability of the system for their usages. The UEC estimated in this study designates, the designed SPV system is viable for remote rural electrification. Further the cost of generation can be reduced by 50%, if R&D improvements are made to reduce the cost of Solar PV to Rs. 65/-per W p and module efficiency is increased to 22%. Then PV system option would be techno-economically viable for rural electrifications. 
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